ABSTRACT
INTRODUCTION
Since 1976, plastics have been the most widely used materials in the U.S., surpassing steel, copper, and alu mi num combined by volume. Among all of the plastics processing methods, injection mold ing accounts for appro ximately **Corresponding author: Email: turng@engr.wisc.edu one-third of all plastics processed [1] . While plastics have become ubiqui tous, petroleum resources remain finite, and the cost of fossil-based plastics will continue to increase. Special injection mold ing processes that reduce material consumption are highly desirable from the viewpoint of not only reducing pro duction costs and making products more energy efficient, but also in the sustainability of natural resources. Microcellular foaming employs supercritical fluid (SCF) as a physical blowing agent and is capable of producing lightweight plastic foams with an average cell size of 100 µm or less [2] . The idea of microcellular foaming was combined with injection molding to develop the microcellular injection molding process (MIM), which is commer cially known as the MuCell process. This process continues to attract attention because it saves on material and energy costs while improving dimensional stability [3, 4] , allowing extra part design freedom, increasing produc tion efficiency, and re ducing residual stresses. MIM facilitates the molding of thin-and thick-walled products while reducing cavity pressure, thus increasing tool life and enabling the use of extremely delicate and complex inserts for plastic products, especially in the electronics and medical industries [5] .
Although this technology enables plastic part designers to over come some processing limitations of conventional injec tion molding, such as large flow length-to-thickness ratios, warpage, and uneven shrinkage [2] , it creates other challenges. Microcellular injection molded parts rarely exhibit mechanical properties that are better than those of solid injection molded parts. The strength of the plastic part is dependent on the microstructure of the foam and the thickness of the solid skin layer [6, 7] , which in turn depend on factors such as material and processing parameters, density reduction, and part thickness. Density reduction is one of the primary mech a nisms targeted by various industries to reduce energy and fuel requirements, while encouraging environmentally friendly product development. For MIM, weight reductions limited to be tween 5 and 10%, with wall thicknesses less than 3 mm, are recom mended to avoid significant deterioration of the microstructure and thus decreases in mechanical prop erties [2] . Thicker foamed parts and parts molded with higher density reductions usually show degrada tion in the microstructure, and thereby display inferior mechanical properties. The inability to target higher density reductions in the MIM process without compromising on properties prolongs the return on investment period in this capital-intensive technology.
The microstructure of a MIM part is the end result of transient processes of cell nucleation and growth battling with material cooling [8] . In particular, internal gas pressures of the evolving cells compet ing with the increasing melt strength of the rapidly cooling polymer matrix will determine the final cell size and whether cell coalescence will occur. The pressure profile in the cavity during injection usually has the least pressure at the end of the fill and the highest pressure at the gate, which is reflected in the microstructure of the foamed parts. Typically, the cells are finer near the gate region and grow larger at the end of the fill region. However, this trend can be reversed under certain unusual circumstances as will be discussed later. Furthermore, as the plastic is quickly cooling, there exists a gradient in the melt temperature and melt strength between the walls and the center of the part. The center of the part will have a higher temperature, and therefore lower melt strength, and a longer cool ing time during the process of cell nucleation and growth. This results in larger cells at the center of the part and smaller cells near the skin. Although MIM parts have a polymer-rich skin layer, at high weight reductions the skin layer can become very thin or some times compromised. This can become a challenge in the conventional MIM process.
Polypropylene (PP) is a commodity plastic that is used extensively in the automobile and appliance industries because of its outstanding functional characteristics, low material cost, improved abrasion and chemical resistance, and high rigidity as compared to other members of the polyolefin family. Foamability of polypropylene in injection molding is challenging as the weak melt strength, low solu bility, and high diffusivity of typical blowing agents can result in the degradation of microstructures and inconsistent properties [9] . Several studies using polymer blends [10] [11] [12] , fillers [8, 13] , or blends of co-blow ing agents [14] , as well as changing the material's molecular weight, degree of cross-linking, and chemical structure [15, 16] , have been performed with polypropylene to improve its foamability [9] .
Core retraction is a process of physically moving a part of the mold cavity by mechanical, pneu matic, or hydraulic means during the molding cycle. It has been used extensively in injection molding to enable the mold ing of undercuts and side features. In order to target higher density reductions while achieving good micro structures, a uniform pressure drop across the cavity and the ability to tune the melt strength is desirable to control cell coalescence. Core retractionaided microcellular injection molding (CR-MIM) is a process that employs the motion of a retracting core with the purpose of achieving a fine microstructure at high expansion ratios. Once the polymer-gas solution is in jec ted into the mold cavity and gains sufficient melt strength through cooling, a part of the cavity is retracted to create a sudden pressure drop and space for the material to expand [17, 18] . Furthermore, nucleation and cell growth can be delayed by starting with a thinner cavity thickness (and thus a higher cavity pres sure that suppresses cell nucleation) and by controlling the timing of core re traction after injection.
Other researchers have explored using CR-MIM to encourage a fine, uniform foam structure with closed-or open-cell foams. Miyamoto et al. used core retraction and a nucleating agent to create an open-cell structure in PP, where it was explained that the greater crystallinity obtained from the nucleating agent increased the melt elasticity, thus allowing for a finer cell size. It was also noted that the time between injection and core retraction was key in obtaining a good foam microstructure [19] . Stumpf et al. researched the effect of nucleating agents on the CR-MIM of PP and found that not only did the crystal linity enhancement aid in maintaining a fine foam structure, but it also acted to nucleate the cells homogenously. Also, it was noted that a major factor affecting the mechanical properties of the molded part stemmed from the solid skin layer thickness [7] . Ishikawa et al. compared CR-MIM for both N 2 and CO 2 , finding that N 2 created a finer foam even at lower gas concentrations (due to easier supersaturation). They also found that classical models of cell nucleation and growth originally developed for predicting batch foaming processes were accurate for CR-MIM as well [18] .
In this study, applications of core retraction were evaluated and compared to traditional micro cellular injection molding in the formation of thick poly propylene parts with the aim of achieving better micro structures and controllable skin regions at high density reductions.
MATERIALS AND EQUIPMENT
Pro-fax SR256M, a clarified polypropylene (PP) random copolymer resin from LyondellBassel with a melting point of 140°C and a melt flow index of 2.0 g/ 10 min (2.16 kg and 230°C), was used in this study. Nitrogen (N 2 ) was used as received from Airgas as the physical blowing agent in the MIM and CR-MIM processes.
A custom injection mold was manufactured to mold a rectangular cavity with a core that retracts in the thickness direction as shown in Figure 1 . The retraction of the core was achieved by attaching the moving core to a hydraulic cylinder. The cylinder was activated through the core-pulling function of the injection molding machine. The maximum allowable hydraulic pressure for the cylinder was 20 MPa, which ensured that the cavity created a ca vity pressure higher than the critical pressure of the dis solved gas. In this study, the core was retracted to 5.1 and 7.6 mm, from an initial thickness of 3 mm, which yielded a density reduction of 30% and 55%, respectively. Injec tion molding was performed on a 56T Arburg machine with a 25 mm injection screw.
EXPERIMENTAL CONDITIONS
In this study, the density reduction and time delay before core retraction were varied as per Table 1 . The molded parts had an overall length of 101.6 mm (4 in), width of 50.8 mm (2 in), and thicknesses that varied from 3 mm (0.12 in) to 7.6 mm (0.3 in) depending on the amount of core retraction. For comparison, parts were also molded at a 55% weight reduction with the MIM process. This was done by injecting a polymer-gas solution into an already retracted cavity of 7.6 mm thickness and is denoted as Trial 5 (cf. Table 1 ). The processing parameters used for the molding process are tabulated in Table 2 . It was experimentally confirmed in a separate trial that the cells disappeared when the 
Mold temperature°C 25
Shot size cm 3 24 cavity was fully packed and not allowed to retract. This means that the pressure exerted by the hydraulic cylinder was sufficient to maintain the melt under enough pressure to thwart cell nucleation and growth. The slow depressurization rate and a packed shot volume ensured that no cell nucleation occurred prior to core retraction.
MATERIAL CHARACTERIZATION Microstructure
The microstructure of the foamed samples was observed using a scanning electron microscope (SEM) (JCM-5000, NeoScope). The parts were fractured using liquid nitrogen 50 mm from the gate (around mid-point in the part shown in Figure 1 ). After coating with a thin layer of gold using a sputter coater, the microstructures were studied at the edge and the center of the part in the thickness direction. Measurements for skin layer thickness and bubble size distribution where performed using ImageJ software. Skin layer thickness was taken as the average of 10 locations from the edge to where the cellular structure started. Cell size distributions were measured using the built-in 'Analyze Particles' function.
Rheology
Rheological measurements were made on a TA Instru ments AR 2000ex stress-controlled rheometer with 25 mm parallel plates at five different temperatures (i.e., 160°C, 170°C, 180°C, 190°C, and 200°C). Oscillatory tests with an angular frequency from 0.1 rad/s to 100 rad/s and a strain of 1% were used to record the complex viscosity as a function of angular frequency.
Density Measurements
A CO 2 laser cutter (PLS6.75, Universal Laser Systems) was used to cut the ASTM Type V, dog-bone specimens from the foamed parts at 20 mm (near gate), 50 mm (middle), and 80 mm (end of fill) from the gate. The densities of these specimens were measured using ASTM D792, which is based on the Archimedes' buoyancy prin ciples. Solid unfoamed parts were also measured for refer ence.
Mechanical Testing
The ASTM Type V dog-bone specimens from the foamed parts at 20, 50, and 80 mm from the gate were also used for tensile testing following the ASTM D638 standard. Tensile tests were per formed using an Instron 5967 testing machine at a strain rate of 5 mm/min until fracture. Each sample was tested in triplicate.
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RESULTS AND DISCUSSION
Effects of Delay Time and Core Retraction on the Microstructure Figure 2 graphs the solid skin layer thickness for the different samples. As delay times increase, the skin layer thickness grows larger because the polymer near the mold wall has a longer time to cool and solidify before the core is retracted, thus initiating cell nucleation. The thickness of this polymer-rich layer has effects on the mechanical properties of the molded parts, which will be discussed later. Figures 3 (a) and (b) show the SEM images at the edges of the parts with a 30% density reduction at a delay time of 2.0 and 3.5 seconds, respectively. Figures 3 (c) and (d) show the SEM images at the center of the parts. It can be observed that a smaller delay time caused the cell density to increase and the cell size to decrease. To explain this, Equations 1-3 show the Gibbs energy (DG**) (energy barrier to nucleation), the critical radius of nucleation (R cr ) for homogenous cell nucleation, and the nucleation rate (N), respectively [20] [21] [22] .
(1) Figure 2 Skin layer thickness measurements
The critical radius (R cr) is the minimum radius a nucleated cell can have to survive or else the gas in a nucleated cell will dissolve in the polymer causing the cell to collapse. The parameter DP is the pressure difference between the nucleated cell and the polymer matrix and g denotes the surface energy at the polymer-cell interface. The nucleation rate (N) is a function of (f 0 ), the frequency at which gas molecules move from the polymer to a cell's surface. The parameter (C 0 ) is the concentration of gas mole cules in the polymer, (DDG**) is the Gibbs energy, the Boltzmann constant is (k B ), and the absolute temper ature is (T ). It can also be seen from these three equations that, with increased delay times and a lower nucleating temperature, the nucleation rate is diminished [20] . This lower degree of nucleation negatively affected the cell density and increased the cell size. As the polymer-rich skin region in creased in the case of larger delay times, the nucleated cells needed to expand further to fill the cavity. Nonetheless, even at a 30% density reduction, the microstructure was stable, and cell coalescence was avoided with the CR-MIM process. Cell size distributions for the samples are presented in Figure 4 . It has been observed in this study that the surface finish of the parts improved with some (retrac tion) delay time compared to typical MIM parts, although a Class-A surface could not be achieved. In addition, a line of small cells can be observed at the edge of the solid skin/foam interface in both sam ples (cf. Figures 3(a) and (b) ). It is likely those cells were formed by gas coming out from the shear-induced crystallizing PP during filling, and they remained small in size at a 30% weight reduction [23, 24] . However, as will be seen below, with a greater core retraction and thus a greater density reduction, the growth of those pre-nucleated cells became more evident at increased expansion ratios. Figure 5 shows SEM images at the edge and center of the part with a density reduction of 55% at delay times of 2 and 3.5 seconds. As the density reduction increased from 30% to 55% by increasing the core retraction distance and keeping the same shot size, the cell size increased as the nucleated cells needed to grow even more to fill the expanded mold cavity. When the line of pre-nucleated cells underwent a bigger sudden pres sure drop due to core retraction, they started growing in the direction of the core retraction as well. Since the viscosity was higher in the transition region between the solid skin and the hotter central region, the growing cells were frozen in an elongated shape as the melt had cooled sufficiently to prevent the cells Figure 4 ) differed from their 30% density reduction counterparts. In particular, the cells were smaller for parts molded with a 3.5 s retraction delay, as compared to a 2 s delay, which displayed coalesced cells. It can also be observed that at a 55% density reduction, less coalescence was observed at higher delay times as the temperature of the melt was lower when nucleation and growth occurred.
On the other hand, the regular MIM foaming method was not able to completely fill the cavity at the desired 55% density re duc tion (Trial 5) whereas, with the application of core retraction, the 55% density reduction could easily be achieved and the mold was completely filled. The surface finish of the parts molded with core retraction was also visibly better. It is expected that at the same injection speed, the flow front would advance slower in the case of the MIM process due to the increased cavity thickness of the already retracted core during filling. As cell nucleation and growth is a transient process that is initiated during injection, the slower advancing flow front allows more gas to evolve and escape at the flow front, especially at higher weight reductions and lower melt strengths. Both these factors create a worse surface finish and the inability to achieve well-formed 55% weight reduc tion parts with the regular MIM process. A foaming method with core retraction can be used to obtain higher density reductions with an integral and customizable skin layer, while also obtaining a better sur face finish. The SEM images of foamed parts produced by the CR-MIM process versus the regular MIM process are compared in Figure 6 . It can be observed that a thicker polymer-rich skin was achieved with the CR-MIM process by delaying cell nucleation. The alignment of cells in the transition zone is possible, if desired, with proper settings of the delay time and cooling rate. The microstructure at the center of the parts showed less coalescence in the case of the CR-MIM process, whereas incon sistent cell structure and the presence of large coalesced cells could be observed in the case of MIM at a 55% density reduction. 
Rheology and Melt Strength
It is well known that temperature affects the rheology of molten polymers [25] . During injection mold ing, once the molten polymer is injected into the mold it immediately begins to cool, with the polymer that touches the metal mold freezing first. In the case of the MIM or CR-MIM processes, this can be examined by the solid skin layer that is formed at the mold surface (cf. Figures 2, 3, and 5) .
The polymer on the interior of the solid skin layer then begins to cool, during which time the dissolved gas causes cell nucleation and growth, both of which are governed by the rheology of the melt, the gas diffusivity, and the solubility/ saturation level of the gas. When the temperature decreases, the viscosity will increase and the diffusivity will decrease-both exponentially. In addition, the solubility of N 2 in PP will decrease linearly with temperature [2, 26] . Melt strength, defined as the resistance to extensional flow in polymers and also referred to as their ability to withstand extension without breaking, is relevant to cell expansion because cell growth is purely extensional; thus, equibiaxial extensional flow. Equation 4 describes the relationship between equibiaxial extensional viscosity (h b ) and shear viscosity (h) at small strains for Newtonian fluids [27] . Equation 5 relates the shear viscosity (h) to the complex viscosity (h*) via the Cox-Merz Rule over a large range of shear rates, where  g is the shear rate and w is the angular frequency [28] .
One can easily relate the two, at least in theory, to compare the complex viscosity in shear to the equibiaxial extensional viscosity so that,
where  e is the extensional strain rate. Figure 7 shows the complex viscosity data for PP as a function of angular frequency at different temperatures below the processing temperature (210°C). Complex viscosity increases with decreasing temperature which helps to prevent the cells from growing too fast and coalescing. The level of damping in the material, measured as tan d, is a good measure of the melt strength and thus its resistance to extensional flow. This relationship exists because damping is a function of entanglement as is melt strength; in this case, as the temperature decreases, the entanglements are less easily disentangled. Figure 8 illustrates the measured tan d values at different temperatures and angular frequencies for PP. As the temperature decreases, the damping values also decrease which coincide with an increase in melt strength. During CR-MIM, the core is retracted after the polymer has been cooling for some time, thus a higher melt strength can be expected. This increase in melt strength dur ing foaming prevents the cells from growing too large, coalescing, and forming an open-cell structure. 
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Density Variations in Foamed Parts
The densities of foamed specimens taken from various flow length locations, together with solid unfoamed parts, are plotted in Figure 9 . It can be observed from Figure 7 that both the 30% and 55% density reduction parts molded with the CR-MIM process showed a more consistent and uniform den sity along the flow length as compared to conventional MIM parts. It has been shown earlier that MIM foamed parts showed variations in specific density as high as 30% along the flow length [29] . In the conven tional MIM process, the cavity is initially partially filled. As the melt containing the blowing agent experiences a pressure drop at the gate, cells nucleate and grow, which leads to complete filling of the mold. There exists a pressure difference along the flow path that results in a non-homogenous density distribution along the flow length. It should be noted that with the conventional MIM process, the 55% density reduction resulted in unfilled regions at the very end of the fill. Because of the rela tively large cavity thickness, potential jetting, and the effect of gravity, amplified by the lower viscosities of the polymer-gas mixture and the large cavity thickness (the mold was positioned down ward), it was found that the density actually increased toward the end of the fill in the MIM parts. In the CR-MIM process, the material was initially packed in the thin cavity before nucleation was initi ated. As the Figure 9 Density as a function of distance from the gate cavity experienced a more uniform pressure drop during core retraction, the density variations at different locations from the gate decreased. In the solid samples, no density reduction was observed along the part.
Mechanical Testing
Tensile tests were conducted on the dog-bone tensile bar specimens taken from various flow length locations at an extension rate of 5 mm/min. It should be noted that the weight reduction was achieved by increasing the volume, which means that the cross-sectional area of the tensile bar increased as the density reduction increased, although the amount of plastic remained the same. Specific ultimate tensile strength (specific strength) and the specific Young's modulus (specific modulus) for the various samples are illustrated in Figures 10 and 11 . The specific strength and specific moduli were calculated by dividing the ultimate tensile strength and moduli values by the density reduction ratio as compared to the unfoamed sample, by part location (i.e., near-gate, middle, and end-of-fill regions, respectively).
As the weight reduction increased, the specific strength and specific moduli generally decreased at greater distances from the gate, and these trends Figure 10 Specific ultimate tensile strength (specific strength) values for the various samples followed the measured densities along the different parts closely. The solid parts also showed a decrease in strength and Young's modulus (~5% between each region) as the distance from the gate increased, but didn't show a decrease in density along the part (cf. Figure 9) . It is well known that cavity packing pressure decreases from the gate to the end of fill. Like wise, the end-of-fill region is the second portion of the injection molded sample to cool (after the skin layer). Both the pressure and temperature gradients can affect the internal microstructure of the part as it relates to residual or borne-in stresses and the distribution of amorphous and crystalline fractions [30] . These results are outside the scope of this work and require further study.
In the CR-MIM parts, a larger weight reduction results in a lower specific strength and specific moduli due to the different foam structures as observed in the SEM images. Compared to a 30% weight reduction, the 55% weight reduction samples had a larger open-cell fraction which lowered the ability of the part to withstand a load. For the samples with a 55% weight reduction but different core-retraction delay times, the specific strength results were similar for both the 2 second and 3.5 second delays, but the specific moduli was larger in the 3.5-second samples. This was likely due to the differ ence in cellular microstructure between the samples as well as the thicker solid skin layer. For the 30% weight reduction samples there was a different trend where the Figure 11 Specific ultimate Young's moduli (specific moduli) for the various samples specific strength and specific moduli attained a maximum in the middle region for the 3.5-second sample and remained higher than the near-gate position at the end of fill, whereas there was mostly a decreasing trend in the 2-seconddelay samples. Again, these trends follow the density results.
Comparing the CR-MIM samples to the MIM samples (both with a 55% weight reduction), the specific moduli were about the same for the 2 second delay. For the 3.5 second delay, the specific moduli were greater than the MIM case by about 22%, 19%, and 12% in the near-gate, middle, and end-of-fill regions, respectively. As for the specific strengths, the CR-MIM samples had larger values than those processed with MIM; in the 2-second-delay samples the increases were about 36%, 33%, and 22%; while the 3.5-second-delay samples had increases of 39%, 32%, and 19% in the near-gate, middle, and end-of-fill regions, respectively. The difference between CR-MIM and MIM sample's properties can be related back to the cellular microstructure (cf. Figures 5 and 6) where the CR-MIM samples (especially the 3.5% delay) were more uniform, even if there was some open-cell fraction. Additionally, the presence of the solid skin layer, which was very thin in the MIM sample, helped to maintain some strength and rigidity.
CONCLUSIONS
Polypropylene could be foamed to a density reduction of 55% in the process of MIM with the use of core retraction (CR-MIM). The conventional MIM process with a 55% target weight reduction could not fill the entire cavity and produced short-shot parts. At that tar geted weight reduction, micro structures were better with the CR-MIM process. The holding pressure while injecting a full shot was capable of delaying nucleation or even reversing it. The core-retraction process yielded an integral skin layer with little or no foaming that was measurably thicker than the skin layer produced via the con ventional MIM process. Delay times and cooling rates can be optimized to achieve the desired cell nucleation rate and cell density, as well as a polymer-rich region, with a relatively better surface finish. With an increase in skin layer thickness due to a longer delay time, the cells in the foamed core grew to a larger size to achieve the targeted density reduction. As the delay before nucleation increased, the melt strength increased. By opti mizing the melt strength at the time of nucleation and growth, a good closed-cell structure could be obtained even at high density reductions. A further increase in delay time, and hence a higher melt strength, increased the energy barrier of nucleation and reduced the cell density, but it also prevented cells from coalescing. Alignment of the microcells was made possible by cavity opening in the core-retraction direction, and was evident in the transi tion region between the skin and core. The core-retraction method of foaming yielded more consistent densities and tensile properties at different distances from the gate. The core-retraction method also yielded a better Young's modulus at the same density reduction as com pared to the conventional MIM process.
The CR-MIM process can be an advantageous option with aggressive weight reduction targets. Limitations of the MIM process with regard to thickness and weight reduction can be overcome using this method.
